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Abstract
In the present paper we report the effect of graphene oxide (GO) doping on the structural and
superconducting properties of MgB2. Bulk polycrystalline samples have been synthesized via
a solid state reaction route with compositions MgB2 + x wt% of GO (x = 0, 1, 2, 3, 5, 7 and
10) by sintering at ∼850 ◦C in a reducing atmosphere of Ar/H2 (9:1). The x-ray diffraction
results conﬁrm the formation of the MgB2 phase in all samples, together with traces of a MgO
impurity phase. The XRD data results also show substitution of carbon for boron, but in the
present case the actual amount of carbon substituting for boron is very small as compared to
other carbon sources. A substantial improvement in the critical current density, Jc(H), has
been observed in the entire magnetic ﬁeld range (0–8 T) for samples x = 1, 2 and 3 as
compared to the undoped sample. In addition to Jc(H), marginal improvements in the upper
critical ﬁeld (Hc2) and the irreversibility ﬁeld (Hirr) have been observed for the doped samples
x = 1, 2 and 3 with respect to pristine MgB2. Furthermore, a curious result of the present
investigation is that there is no change in the superconducting transition temperature (Tc) up to
a doping level of 10 wt%. The possible mechanisms of ﬂux pinning and correlations between
the observed superconducting properties and structural characteristics of the samples have
been described and discussed in this paper.
1. Introduction
Since the discovery of superconductivity at 39 K (Tc) in
MgB2 [1], much effort has been made to improve its
superconducting properties. In addition to high Tc, large
values of in-ﬁeld critical current density (Jc(H)), upper critical
magnetic ﬁeld (Hc2) and irreversibility ﬁeld (Hirr) are required
for applications of superconducting material in high-ﬁeld
magnets. Unlike cuprate high-temperature superconductors,
the absence of weak links [2, 3] at grain boundaries in
MgB2 makes it a potential candidate for technological
applications. Very high critical current density, Jc values,
ranging from 105 to 106 A cm−2, in MgB2 have been
reported by several groups [4–8]. However, it has been found
that Jc drops rapidly with increasing magnetic ﬁeld due
to poor ﬂux pinning. Efforts are being made to improve
all these properties by tuning the impurity scattering and
introducing pinning centers into the samples by chemical
doping. Most of the earlier element substitution studies were
aimed at increasing Tc and thus were limited to low doping
levels [9]. It has been suggested that a slight reduction in
Tc corresponding to high levels of impurity phases is due to
the fact that the inter-band scattering, which is responsible
for Tc suppression by nonmagnetic impurities, is weak in
the MgB2 superconductor [10]. Therefore, chemical doping
with nonmagnetic materials appears to be the most suitable
approach to improve the superconducting properties of MgB2
for practical applications. Carbon doping in MgB2 using
pure carbon as well as several carbon containing compounds,
e.g. carbohydrates [11–13], B4C [14], carbon-nanotubes [15],
SiC [16] has been reported to be effective in improving
superconducting properties such as Hirr, Hc2 and Jc under
1
Published in "6XSHUFRQGXFWRU6FLHQFHDQG7HFKQRORJ\










high magnetic ﬁelds. In addition to carbon, doping of rare
earth oxides [17, 18], co-doping of rare earth and carbon [13]
and magnetic nanoparticles [19] have also been found to
be effective in improving the superconducting properties of
MgB2. In the case of carbon doping it has been found that
carbon substituted at boron sites increases intra-band impurity
scattering, leading to an enhancement in Hc2 and a decrease
in Tc. In addition to this, carbon doping also introduces
defects in the sample, which act as pinning centers, leading to
improvements in Jc(H) and Hirr [20]. Recently, the effect of
graphene doping on the superconducting properties of MgB2
has been investigated [21–23]. A signiﬁcant improvement in
Jc(H) has been found in graphene-doped MgB2 without much
reduction in Tc, in contrast to other carbon sources where
5–8 K reduction in Tc is observed. For example De Silva et al
have shown an approximately 43-fold improvement in Jc at
5 K and 8 T ﬁeld in 1% graphene-dopedMgB2 as compared to
undoped MgB2 [22]. Xu et al have reported an improvement
in Jc(H) by a factor of 30 at 5 K and 10 T ﬁeld in 3.7 at.%
doped MgB2 with respect to undoped MgB2 [23]. Thus, these
recent reports show that graphene doping in MgB2 provides
efﬁcient ﬂux pinning, leading to improvements in Jc, and sug-
gest a further detailed investigation on graphene-doped MgB2
using a wider range of compositions of graphene would help
to understand the pinning mechanism and effects of doping on
superconducting properties such as Tc,Hc2 and Hirr.
In light of this, in the present study we have synthesized
graphene oxide (GO) doped MgB2 with a wide wt% range
of GO (0, 1, 2, 3, 5, 7 and 10 wt%) to study the effect of
GO doping on the structural and superconducting properties
of MgB2. The main idea behind using GO as dopant in place
of rGO is to avoid the additional process of reduction of GO
into reduced graphene oxide (rGO). All samples have been
sintered at 850 ◦C for 3 h in a reducing atmosphere of Ar/H2
(9:1) with the aim to reduce the doped GO into rGO in the
samples. We have found little change in the lattice parameters
and almost no change in critical temperature Tc even up to
10 wt% doping. However, we have observed a substantial
improvement in the critical current density over the entire
range of magnetic ﬁelds (0–8 T) at 5 and 20 K for 1, 2
and 3 wt% GO-doped MgB2 as compared to pristine MgB2.
Furthermore, we have observed a marginal improvement in
Hc2 and Hirr in the doped samples as compared to pristine
samples. The possible mechanisms of ﬂux pinning and
correlations between the observed superconducting properties
and structural characteristics of the samples are described and
discussed in this paper.
2. Experimental details
Graphene oxide used in the present study for doping into
the MgB2 material was prepared using the method developed
by Marcano et al [24]. Bulk polycrystalline samples of
GO-doped MgB2 were synthesized via a solid state reaction
route with addition of the required amounts of GO in Mg
and B. Appropriate amounts of Mg (Sigma Aldrich, 99.9%
pure, grain size ∼100 μm) and B (Sigma Aldrich, amorphous,
99%, grain size of submicron) to form MgB2 were mixed
Figure 1. FTIR spectrum of graphene oxide prepared following the
method developed by Marcano et al .
with x wt% (x = 0, 1, 2, 3, 5, 7 and 10) of GO in an agate
mortar. The mixture was thoroughly ground and the resulting
powder was pressed to form rectangular pellets of dimension
7 × 4 × 1.5 mm3. The pellets were sintered at 850 ◦C in
an Ar/H2 (9:1) atmosphere for 3 h, followed by cooling
down to room temperature by switching off the furnace. The
phase identiﬁcation of the samples was carried out using x-ray
diffractometry with CuKα radiation. The microstructure of
the samples was studied using a ﬁeld emission scanning
electron microscope (FESEM) and the elemental composition
of the samples was checked using energy dispersive x-ray
analysis (EDX). The quality of GO used for doping was
checked by means of FTIR measurements. The resistivity
measurement in different magnetic ﬁelds (0–8 T) was carried
out using a physical properties measurement system (PPMS)
(Quantum Design-6000) at the University of Fribourg. The
irreversibility ﬁelds (Hirr) and upper critical ﬁeld (Hc2(T))
were deduced using the criteria 10% and 90% of normal
state resistivity for different applied ﬁelds, respectively.
The DC magnetic measurements were carried out using
a superconducting quantum interference device (SQUID)
magnetometer (Quantum Design).
3. Results and discussion
Figure 1 shows the FTIR spectrum of graphene oxide prepared
using the method developed by Marcano et al [24].
The FTIR spectrum of the GO sample accorded well with
the previous works [25, 26]. Various oxygen conﬁgurations in
the structure include the vibration modes of epoxide (C–O–C)
(1230–1320 cm−1), sp2-hybrided C=C (1500–1600 cm−1,
in-plane vibrations), carboxyl (COOH) (1650–1750 cm−1
including C–OH vibrations at 3530 and 1080 cm−1), ketonic
species (C=O) (1600–1650 cm−1, 1750–1850 cm−1) and
hydroxyl (namely phenol, C–OH) (3050–3800 cm−1 and
1070 cm−1) with all C–OH vibrations from COOH and H2O.
Figure 2 shows the x-ray diffraction patterns of MgB2+x
wt% GO samples with x = 0, 1, 2, 3, 5, 7 and 10. Except for
a peak marked by * at 2θ = 62.35◦ due to MgO, all peaks
are well matched by the MgB2 compound with space group
P6/mmm. The volume percentage of the MgO phase formed











Table 1. Lattice parameters, estimated carbon content y, grain size, FWHM, strain, MgO content, Tc and Hc2(0) of undoped and GO-doped
samples.
x a (A˚) c (A˚) y (%)
Grain size
(μm) FWHM (110) Strain (%) MgO (%) Tc (K) Af RRR P (%) Hc2(0)
0 3.0842 3.5257 0 0.330 0.1495 0.036 3.24 38.76 0.182 3.0993 43.6 16.95
1 3.0842 3.5252 0 0.293 0.1495 0.110 3.30 38.85 0.189 2.7380 43.4 17.31
2 3.0841 3.5253 0.09 0.282 0.1596 0.114 4.18 38.80 0.213 2.7434 47.6 18.05
3 3.0840 3.5254 0.12 0.279 0.1683 0.123 3.33 38.80 0.215 2.7418 51.3 17.45
5 3.0833 3.5244 0.35 0.241 0.1869 0.176 4.81 38.74 0.194 2.4051 48.7 16.78
7 3.0820 3.5244 0.76 0.243 0.1869 0.165 4.47 38.63 0.170 2.4275 44.6 16.12
10 3.0818 3.5225 0.82 0.242 0.1869 0.193 5.21 38.35 0.190 2.3522 47.2 15.15
peak intensities and tabulated in table 1. It has been found
that the quantity of MgO present in the samples increases
with increasing doping levels of GO. This is because of the
increased amount of oxygen contained in the reaction mixture
for higher GO content. Rietveld reﬁnement was done using
FullProf to determine the lattice parameters of the MgB2
phase. The lattice parameters a and c of all samples are given
in table 1. The lattice parameters observed for pure MgB2
are a = 3.0842 A˚ and c = 3.5259 A˚. We have seen a slight
shift in the diffraction peaks towards higher angles (see inset
of ﬁgure 2) with increasing GO concentration in the sample.
This suggests a slight decrease in the lattice parameters of
the doped samples as compared to the undoped samples (see
table 1). The actual amount of carbon atoms (y) replacing the
boron atoms in the MgB2 system was calculated using the
relation a = 3.084 39–0.3153y [27], where y is the carbon
content given by Mg(B1−yCy)2 and the results are given
in table 1. Our result shows that in the case of GO-doped
samples the amount of carbon doping is very small compared
to that resulting from other carbon sources [11–16]. From
the XRD patterns we have found a systematic increase in the
full width at half maximum (FWHM) with increasing doping
concentration of GO in the samples (see table 1), suggesting a
decrease in the crystallite size and crystallinity of the samples
due to doping of GO.
We have also calculated the strain in the samples from
the Williamson–Hall plot [28] and the values are shown in
table 1. We see that the strain increases with GO doping.
This may be due to the different thermal expansion coefﬁcient
of MgB2 and GO and also to the substitution of C for B.
The microstructural characteristics of the samples have been
studied by FESEM. The FESEM micrographs of samples
x = 0, 3, 7 and 10 are shown in ﬁgures 3(a)–(d). From the
micrographs it is clear that the doped samples are denser
than the undoped one. Furthermore, in the doped samples
the grains are well connected, and in some regions of the
micrographs of the doped samples a ﬁlm-like structure (shown
by an arrow) of a few micron size is observed. The EDX
data taken from this region shows a relatively higher carbon
content as compared to other regions. For example, EDX data
taken from the regions of box 1 and box 2 (ﬁlm-like region)
of ﬁgure 3(b) show ∼20% and ∼56% carbon, respectively.
Although EDX does not give a correct analysis for light
elements such as C, this analysis conﬁrms that the ﬁlm-like
regions contain a higher carbon content as compared to other
areas. This suggests that the ﬁlm-like morphology may be due
Figure 2. X-ray diffraction patterns of GO-doped MgB2 samples,
‘*’ shows the impurity peak of MgO. Inset shows shifting of the
(110) peak with increasing doping level (x wt%) of GO.
to the presence of rGO in the samples. The average grain sizes
of all samples obtained from the FESEM images are given
in table 1. We see that grain size decreases with increasing
doping level. This result is in accordance with the XRD result
described above.
Figure 4 shows the normalized resistivity
(ρ(T)/ρ(300 K)) versus temperature (T) plots in the
temperature range 4–300 K for all MgB2+x wt%GO samples
with x = 0, 1, 2, 3, 5, 7 and 10 at zero applied ﬁeld. The
inset in this ﬁgure shows the normalized resistivity versus
temperature plots of all samples at zero applied ﬁeld in the
vicinity of Tc.
The Tc values and residual resistivity ratio,
ρ(300 K)/ρ(40 K), (RRR), for these samples are shown in
table 1. We notice that the resistivity of the samples increases
with increased addition of GO into the system. This can
be associated with the enhancement of electron scattering,
consistent with the decrease of the RRR. According to Rowell,
ρ rather than RRR should be used to judge the intergrain
connectivity in the samples [29]. Another important parameter
is the effective superconducting cross-sectional area, Af,
which is used to estimate the connectivity of grains in the
sample. The values of Af for all samples have been calculated
using the equation Af = ρideal/(ρ(300 K) − ρ(40 K)),













Figure 3. FESEM micrographs of GO-doped MgB2 samples. (a) Pure, (b) 3 wt%, (c) 7 wt% and (d) 10 wt%. The boxes 1 and 2 in (b) show
the regions from where EDX data have been taken.
Figure 4. Normalized resistivity (ρ(T)/ρ(300 K)) versus
temperature (T) plots of MgB2 + x wt% GO samples with x = 0, 1,
3, 5 and 10 at zero applied ﬁeld. Inset shows the superconducting
transition in the temperature range 4–50 K for all the GO-doped and
pure MgB2 samples.
change in resistivity from 300 to 40 K for a fully connected
sample and its value is taken as 7.3 μ cm [30]. The
calculated values of Af are shown in table 1. From the table
we see that, apart from x = 7 wt%, the values of Af for
doped samples are higher as compared to that of undoped
sample. This shows the better connectivity of the grains in the
GO-doped samples. Furthermore, from the table we see that
Tc is almost invariant with the doping level of GO. This result
is similar to those reported on graphene-doped MgB2 [22]. As
reported, this may be due to a small substitution of carbon for
boron (see table 1).
The resistivity versus temperature measurements for pure
and GO-doped samples at different applied magnetic ﬁelds
up to 8 T are shown in ﬁgure 5. The values of Hc2 and
Hirr were obtained from the resistivity transition of the
samples using the criteria of 90% and 10% of normal state
resistivity, respectively [31]. The upper critical ﬁeld (Hc2) and
irreversibility ﬁeld (Hirr) values versus reduced temperature
(T/Tc) for all the samples are shown in ﬁgures 6(a) and (b),
respectively.
The Hc2 curves show a positive curvature near Tc, which
is in accordance with the two-band superconductivity in this
system, as has been reported earlier [32]. The values of Hc2(0)
for the doped and undoped samples have been obtained by
ﬁtting the Hc2(T) curves with Ginzburg–Landau theory [33]:
Hc2(T) = Hc2(0)[(1 − t2)/(1 + t2)], where t = T/Tc. Both
Hc2 and Hirr have shown an improvement with GO doping
into the samples, with a maximum for 3 wt% GO doping into
the MgB2 sample. The Hc2(0) value for the pure sample is
found to be 16.95 T, increasing to 18.05 T with 3 wt% GO
doping and then decreasing again to 15.15 T with 10 wt%
GO doping. It has been reported that the enhancement in
the upper critical ﬁeld results from the reduction of the
mean-free path of the charge carriers and the corresponding
reduction of the coherence length [34]. The enhancement in
Hc2 observed in the present case is possibly due to lattice
distortion created through GO doping that can lead to an
enhanced impurity scattering. Such a distortion is evident
from the increased FWHM. Furthermore, the carbon doping
into the MgB2 samples introduces electron scattering centers











Figure 5. Superconducting transition zones of resistance versus temperature plots, at different applied ﬁelds (H) for (a) x = 0 wt%,
(b) x = 3 wt% and (c) x = 10 wt% GO-doped MgB2 samples.
Figure 6. (a) Hc2(T) versus reduced temperature (T/Tc) plots and (b) Hirr(T) versus reduced temperature (T/Tc) plots for GO-doped and
undoped MgB2 samples.
Figure 7. Field dependence of Jc(H) of the GO-doped and undoped MgB2 samples at (a) 10 K and (b) 20 K.
the resistivity and improving the upper critical ﬁeld, Hc2.
Figure 6(b) shows the Hirr–T plots for all the GO-doped
samples. It is quite clear that the irreversibility in the samples
has improved and reaches a value of 6 T at 24.7 K for
the 3 wt% GO-doped sample before it decreases at higher
doping. It may be due to increased ﬂux pinning due to the
presence of impurity phases rGO andMgO present at the grain
boundaries. Thus, we see that the superconducting properties
of MgB2 improve due to doping of GO up to a doping level
3 wt%, and beyond this the properties start deteriorating. This
may be due to increased disorder in the samples having higher
GO contents.
The ﬁeld-dependent magnetization (M(H)) of all samples
has been measured at 10 and 20 K. Figures 7(a) and (b)
show the Jc(H) curves at 10 K and 20 K, respectively, for all
the GO-doped samples obtained from the M(H) curves using
Bean’s critical state model [35]: Jc = 20M/[Va(1 − a/3b)],
where M is the width of the magnetic hysteresis loop and
V, a and b are the volume, width and length of the sample,
respectively. The Jc shows an exponential decrease with
increasing magnetic ﬁeld in low as well as in high magnetic
ﬁelds. It is clear from the ﬁgure that the Jc value for x = 3 wt%
attains the highest value among the samples for temperatures
of both 10 and 20 K in the entire applied ﬁeld range. The
values of Jc for self-ﬁeld and at 5 T (10 K) and 4 T (20 K) are
shown in table 2. The Jc values obtained in the present case are
comparable to the results of recent reports on graphene-doped











Figure 8. Fp/Fmaxp versus h plots of GO-doped and undoped MgB2 samples at (a) 10 K and (b) 20 K.
Table 2. Fitting parameters obtained by ﬁtting the pinning force density versus reduced ﬁeld plots.
x (%)
fmodp = αH exp(−(H/H1)n1) + βH(−(H/H2)n2) Jc (A cm−2)
10 K 20 K 10 K 20 K
H1 n1 H2 n2 H1 n1 H2 n2 0 T (×105) 5 T (×103) 0 T (×105) 4 T (×103)
0 0.77 1.04 3.72 2.66 0.43 0.97 2.04 2.09 1.65 2.01 1.39 0.51
1 1.01 2.02 2.70 1.86 0.44 1.21 1.66 1.71 2.79 3.08 2.68 0.64
2 1.41 2.88 2.14 1.47 0.77 3.63 1.48 1.55 5.75 13.62 2.83 5.08
3 2.06 2.58 3.02 1.92 1.19 3.00 1.84 1.86 4.57 13.50 3.56 4.56
5 1.04 1.33 3.68 2.34 0.40 2.14 1.17 1.25 2.71 6.24 2.74 1.89
7 0.45 1.00 2.76 1.84 0.30 0.72 2.22 2.38 1.21 1.09 1.09 0.48
10 0.95 2.82 1.72 1.16 0.53 1.41 1.20 1.80 0.58 4.67 2.46 1.26
lower than SiC-doped MgB2 [36]. For example, for 10%
SiC-doped sample, the value of Jc is 3.6 × 104 A cm−2 at
4 T (20 K), whereas in the present case for 3% GO-doped
samples, Jc is ∼0.5 × 104 A cm−2 at 4 T (20 K).
In previous studies, it has been reported that the critical
current density in MgB2 superconductors is considerably in-
ﬂuenced by the porous microstructure of these materials [37]
and it has been deduced that Jc can be effectively improved
by reducing the porosity in the samples, thus improving its
packing factor and connectivity. In the present case, we have
calculated the packing factor, P, for all the samples, following
the method given by Yamamoto et al [37]. The values of P are
listed in table 1. We observe a signiﬁcant improvement in the
packing factor of doped samples as compared to the undoped
sample. Thus effect of doping on P is similar to that on Jc,
which indicates a direct correlation between Jc and P. This is
consistent with the results reported by Yamamoto et al.
In order to study the behavior of ﬂux pinning in the
samples, we have plotted the reduced ﬂux pinning force
density (fp = Fp/Fmaxp , where Fp = Jc × H) as a function
of the magnetic ﬁeld for all samples at 10 K and 20 K,
as shown in ﬁgures 8(a) and (b), respectively. Here, Fp and
Fmaxp are, respectively, the global ﬂux pinning force density
and its maximum value. Much research work has been done
to study the mechanism of ﬂux pinning in superconducting
MgB2 samples. The model developed by Fitz and Webb [38]
for the ﬂux pinning force density, fp, is mostly employed
to deduce the pinning mechanism in polycrystalline MgB2
samples. In this model, fp is given by fp = hp(1 − h)q, where
p and q are shape parameters depending on the nature of
defects present in the material which give rise to pinning
behavior in the samples, and h is the reduced ﬁeld, h =
H/Hirr. In the present case, the Hirr values have been obtained
by a linear extrapolation to zero of the low-Jc segment of
the Kramer plot [39], i.e. Fk = J1/2c H1/4(H) versus reduced
ﬁeld (h) plot, which is considered to be the most convincing
method to estimate the value of Hirr. To observe the type
of pinning present in the samples, we have tried to ﬁt the
fp(h) curves with scaling laws. The attempts to ﬁt the fp(h)
curves with the general scaling model fp(h) = hp(1 − h)q
fail to describe correctly both the peak and high-ﬁeld region.
This is mainly because this model works for the isotropic
case and does not take into account the anisotropy, the
defects present in polycrystalline samples and their porous
microstructure [37].
Horvat et al [40, 41] have reported that the value of Jc
calculated from magnetic measurements carries with it the
effect of the porous nature of MgB2 samples. It has been
reported that the presence of voids leads to superconducting
screening at two different length scales [40]. Both these
screening currents have a different magnetic ﬁeld dependence,
so they are considered to have different contributions to
the magnetic moment and thus to the magnetic critical
current density. Therefore, the critical current density can be
expressed as a stretched exponential function given by [42]:

























Figure 9. (a) Variation of −d(ln(M))/dH with applied magnetic ﬁeld at 10 K for pure MgB2. The inset of this ﬁgure shows the plot at
20 K for the same sample. (b) Fitting of pinning force density, fp, with Fitz and Webb’s model (solid line) and fmodp (dotted line) at 10 K for
the pure MgB2 sample.
where α, β,H1,H2 and n1, n2 are ﬁtting parameters.
The parameters α and β contain the contributions of
the two screening currents in the samples. Here the
stretched exponential function was chosen because the
experimental points fall on a straight line when plotted in
a −d(ln(M))/dH versus H plot with log–log scales [40],
where M is the width of the M(H) loop. Similar behavior
is observed in the present case, as shown in ﬁgure 9(a). In
the present case we have used the following modiﬁed form of
fmodp to ﬁt the reduced pinning force density versus H plots on
the basis of the above form of Jc as Fp = JH.















We show in ﬁgure 9(b) the ﬁtting of experimental data using
the above form of fmodp (equation (2)) for the sample x = 0.
The ﬁtting parameters are shown in table 2. The comparison
of ﬁttings by the form of fp given by Fitz and Webb and
by stretched exponential form is shown in ﬁgure 9(b). From
ﬁgure 9(b), we ﬁnd excellent ﬁtting with fmodp . This result
suggests that different superconducting screenings due to
irregularities in the present samples are more likely the reason
for better ﬁtting success with double-exponential function.
4. Conclusion
In the present work, we have studied the effect of GO doping
on the superconducting properties of the MgB2 compound.
The superconducting critical current density is signiﬁcantly
improved with GO doping into the sample over the entire
magnetic ﬁeld range (0–8 T) without affecting the transition
temperature up to a doping level of 3 wt%. The upper
critical ﬁeld and irreversibility ﬁeld are also improved. The
maximum Hc2(0) as calculated from Ginzburg–Landau ﬁt is
found to be 18.05 T for 3 wt% GO-doped MgB2. Further,
we have observed excellent ﬁttings of the reduced pinning
force density versus H plots by a stretched double-exponential
function that takes into account the anisotropy and porous
microstructure of the MgB2 samples.
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